Abstract-Various jamming techniques have been developed to prevent interferometric synthetic aperture radar from effective detection and observation. In this paper, a thorough analysis of the jamming effects on correlation and interferometric phase is provided. To derive the jamming result, a general signal model for the interference is first presented and the corresponding imaging results are produced through the range-Doppler algorithm. Then, the impacts of the interference on correlation are analyzed. The non-center located jammer decreases the correlation seriously due to the low correlation of the interference. However, the center located jammer clearly increases the correlation when the input jamming-to-signal ratio is large enough. Finally, the jammed interferometric phases for different jammer positions are discussed. It shows that the non-center located jammer results in large phase errors, while for the center located jammer, the interferometric phase approaches a constant. The effects of interference are demonstrated by simulated data based on the TerraSAR system.
I. INTRODUCTION
A S AN all-weather all-time remote sensing technique, the synthetic aperture radar (SAR) has been widely applied to areas such as monitoring, geological investigation and ground moving target recognition, and therefore is of great importance in both military and civilian applications [1] . InSAR, a further development of the traditional SAR technology, employs two SAR images of the same terrain derived from the master antenna and the slave antenna respectively to obtain the elevation information of the ground surface through interferometry [2] .
In the past, some InSAR systems have been deployed for different purposes. The satellite TerraSAR-X launched in late 2006 provides high-resolution ocean current measurements by along-track InSAR in various experimental modes of operation [3] . TanDEM-X, TerraSAR-X's twin satellite, has the mission of deriving a global digital elevation model (DEM) with an unprecedented accuracy corresponding to HRTI-3 specifications [4] . The Shuttle Radar Topography Mission (SRTM), using dual-antenna and single-pass InSAR, represents a major step forward in the generation of a nearly global DEM with homogeneous coverage and accuracy [5] . All these InSAR systems have high measuring accuracy and can detect a variety of important targets effectively.
Meanwhile, due to the rapid development of electronic countermeasure (ECM), various types of jamming signals and interfering methods have been used in practice [6] - [9] . With strong electromagnetic interference, the quality of SAR images, interferogram and DEM may degrade significantly. In order to improve the robustness of an InSAR system in different environments, it is extremely important to analyze the effects of interferences on the system. Moreover, research in jamming effects can help identify the weakness of our current InSAR systems, so that more effective and robust systems can be developed in the future.
The effects of interferences on the performance of various SAR systems have already been studied [10] - [13] . Nevertheless, the relevant research for the interferometric characteristics is insufficient and incomprehensive. Bin Ding et al. analyzed the impact of RFI on point target SAR imaging and studied the effectiveness of RFI on interferometric phase through computer simulations [14] . However, it did not consider the influence of jammer positions and no theoretical analysis was provided. In [15] , the phase difference of the echo for the reflected jamming signal was obtained, but it cannot be employed to directly analyze the interferometric characteristics. Liu et al. derived the interferometric phase result with an active coherent interference of arbitrary waveform modulation in [16] , but the signal model adopted there does not consider the protected targets and the correlation of the corresponding pixel pairs is not analyzed.
In this paper, the jamming effects on single-pass InSAR are investigated. First, the imaging results of both antennas are produced using the presented interference signal model through the Range-Doppler algorithm. Since the interference can be partly compressed in azimuth direction, the output of interference is displayed as a jamming strip along range. Then, the correlation, employed to guide the following phase unwrapping algorithms, is derived by utilizing the pixel pairs in two SAR images. It shows that the correlation of the jammed pixel pair is determined by the input JSR and the position of the jammer. When the jammer is not located at the center of the jammed area (the non-center located jammer), the position deviation between the jammer and scene center will reduce the correlation with the increase of JSR. For the jammer which is located at the center of the jammed area 1530-437X © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
(the center located jammer), the correlation is reduced when the power of interference is approximately equal to that of the SAR images. When the JSR is large enough, increasing JSR will improve the correlation of the pixel pair in two SAR images. Finally, the interferometric phase due to interference is calculated. It shows that the interferometric phase due to the center located jammer approaches to a constant, when the input JSR is further increased. However, the non-center located jammer results in large phase errors. All these analyses are obtained with respect to different jammer positions.
The remainder of this paper is organized as follows. Signal models and imaging outputs due to the interference are given in Section II. In Section III, the jamming effect on the correlation is analyzed, while the interferometric phase of the jammed pixel pair is derived. Simulation results are provided in Section IV and conclusions are drawn in Section V.
II. INTERFERENCE MODEL AND SAR IMAGING RESULT
In this section, based on the geometry of InSAR and the jammer, a general model with interference is established and the echo signal model due to interference for single-pass InSAR is obtained. The imaging outputs of two antennas are derived through the Range-Doppler algorithm. They are used to analyze the influence of interference on interferometry.
A. Mathematical Models of Interferences
There are four widely used interference signal models in literature: radio frequency interference, amplitude-modulated interference, frequency-modulated interference, and phasemodulated interference [7] . Consider the following general expression for interference [17] :
where f c is the carrier frequency and a(t) is given by
with A(t) representing amplitude of the interference, and u(t) and ϕ(t) denoting its baseband frequency and the phase part, respectively. All three parameters are time-varying.
B. Echo Model for Interferences
A typical scenario with ECM is shown in Fig. 1 with the InSAR geometry, a jammer and the beam footprint, where points A 1 and A 2 are the master antenna and the slave antenna, respectively. The jammer is considered as a stationary point target within one synthetic aperture period; the SAR platform flies along the y-axis at a fixed altitude with the speed of v and images an area on the ground plane described by
. θ and α denote the look angle and the inclination of the baseline, respectively. B is the length of the baseline, H is the flight altitude of the master antenna, and X OY (ground plane) is the target focus plane. The instantaneous slant ranges between the phase center of both antennas and the jammer at t a are expressed as where R J 1 and R J 2 are the minimum slant ranges between the phase center of two antennas and jammer. If the interference is transmitted directly to the SAR antennas, the Doppler frequency of the interference will be quite different from that of the echo signal from the protected scene. To prevent the interference from being filtered out through the azimuth filter, a time delay is always added to remove the azimuth frequency difference. Suppose that the time delay of the interference is τ = R m j (t a )/c, and both the interference and SAR echo signals have the same carrier frequency. After down-converting, the interfering signal jamming the master image can be expressed as
where c is the speed of light, T L is the synthetic aperture time, λ is the wavelength, t r and t a denote the fast (range) time and the slow (azimuth) time, and rect[·] is the rectangular window function.
For the single-pass InSAR, one antenna serves as the transmitter and both antennas record the scattered signal simultaneously. As a result, the interference received by the slave antenna with time delay τ can be expressed as
C. Imaging Result of Interferences
We now develop image models due to interference in the single-pass mode. There are different imaging algorithms available. Without loss of generality and for simplicity, the Range-Doppler algorithm in [18] is used to generate the SAR imaging result here. The principle of stationary phase (POSP) is applied to obtain an analytic expression of the azimuth compression of the interference.
First, range matched filtering is performed to (5) using the filter
where T P is the pulse duration, and K r denotes the chirp rate. The range-compressed output for the interference at the master antenna is given by
where ⊗ denotes the convolution operation. The compressed interference after Range Cell Migration Correction (RCMC) and azimuth matched filtering is given by
where a [•] represents the compression of range jamming, R M and R S are defined as the minimum slant ranges between the phase center of two antennas and the center of the scene, respectively. Then, we define the Doppler chirp rate of the master image as
In (9), we have
By utilizing the POSP with the stationary point τ = t a /(1 − ξ 1 ) and ξ 1 = R M /R J 1 , the imaging output for the interference at the master antenna changes to
Similar to (11), we obtain the imaging result of the interference at the slave antenna as
with
When the jammer is located in the center of the scene, we
and R s (t a ) represent the instantaneous slant ranges between the phase center of both antennas and the center of the scene. The interference along azimuth is completely compressed after 2D matched filtering. Therefore, the imaging output for the interference in the master image becomes
Similarly, the interference in the slave image can be expressed as
Clearly, in either case, the received interference can be compressed to some extent. In the range dimension, the compression depends on the correlation between baseband signal of the interference and range matched filtering. However, the azimuth compression is related to jammer positions and the Doppler frequency.
III. EFFECT OF INTERFERENCES ON InSAR
Based on signal models derived in Section II, we now analyze the interfering effects on the InSAR system. First, the correlation of the pixel pair due to the interference is derived, followed by the resultant interferometric phase. Both theoretical analyses and simulation results are provided in this section, with simulation parameters listed in Table I , unless otherwise noted.
A. Correlation of InSAR Image Pair With Interference
Correlation, a measure of similarity between two single-look complex (SLC) images, provides a quantitative measure of surface and subsurface scattering properties [19] , [20] , and its value has a significant effect on the following interferometric phase estimation result.
Mathematically, the correlation γ between two images S 1 and S 2 is defined as
where (·) * denotes complex conjugate, · represents ensemble averaging, and |·| is the absolute value. Then, the pixel in two SAR images with interference can be expressed as (18) where S real_m and S real_s represent the pixel pair before jamming with the correlation value of γ 0 , A and A j represent the magnitude of transmitted signal and input interference. The average power of the conjugate multiplication of corresponding pixel pair is given by
Now, we consider the impact of jammer position on the correlation value between the jammed pixel pair. Detailed analyses are provided as follows.
1) Interference From Non-Center Located Jammer:
With this condition, the individual signal powers of the jammed pixels in two images are similar to each other and they are given by
According to (16) , the average value of conjugate multiplication for the pixel pair without interference can be expressed as
where ϕ denotes the interferometric phase of the original pixel pair. Similarly, the average value of conjugate multiplication for jamming outputs can be written as
where ϕ J is the phase difference caused by the interference.
Substituting (19)- (23) into the definition (16), the correlation of the pixel pair with interference becomes
where G represents signal to jamming compression gain ratio, and J S R = A 2 j /A 2 denotes the input jamming to signal ratio. Generally, for the single-pass InSAR, the discrepancy between t r −2R M /c and t r −(R M + R S ) /c in two SAR images will cause an envelope shift between S real_m and S real_s .
This difference can be compensated by high precision image co-registration processing. Provided that the slave image is adjusted in the light of master image, the interference in the slave image is rearranged as
For the non-center located jammer, we have
From (11) and (25), we can see that the time delay for a (t r ) in the two equations is different. Since the interference is independent at different time, the interferences in two SAR images are independent of each other after co-registration. In this case, the correlation of the interferences is far less than that of the original pixel pair. Therefore, we have γ J γ 0 . The correlation of the jammed pixel pair approaches to the following results under different conditions. a) As J S R G 2 , we have J S R/G 2 ≈ 0. According to (24), the correlation of the jammed SAR images is mainly determined by that of the corresponding pixel pair. Thus, (24) changes to
From (28), the correlation of the jammed pixel pair is mainly determined by γ 0 , γ J , ϕ and ϕ J . The difference between ϕ and ϕ J reduces the correlation. When γ J γ 0 , such a decreasing trend in correlation will get worse. c) As J S R G 2 , we have G 2 /J S R ≈ 0. Then, (24) changes to
Therefore, the correlation of the jammed pixel pair can be approximated as γ J . Clearly, the correlation of the jammed pixel pair is determined by both J S R and G 2 . A non-center located jammer causes poor match of the interferences, and reduces correlation of the two SLC images. The correlation of the pixel pair will be lower as the input JSR increases. In this case, the interference will increase the co-registration error, which in turn causes a large phase error. According to the parameters listed in Table I , a ground area is established in our simulation. To analyze the jamming effect on correlation due to a non-center located jammer, correlation values with different input JSR are obtained, and the results are shown in Fig. 2 , where the correlation value without interference is 0.983940. When the input JSR is less than 50dB, the correlation value in this case is slightly smaller than that without jamming. When the input JSR is further increased, the correlation value is significantly reduced and finally, the correlation of the jammed pixel pair approaches that of the interference.
The solid curve in Fig. 2 is the theoretical value obtained using equation (24), in which G 2 is equal to 65.4362dB. When the value of the input JSR is far less than G 2 , the correlation approaches to that without jamming. The increasing input JSR decreases the correlation value significantly. Ultimately, the correlation of the jammed pixel pair is approximated as that of the interference. As shown, the trend of the theoretical value is the same as that of the simulated data. Due to the varying phase difference caused by the interference, those discrete points slightly deviate from the theoretical curve. It again demonstrates the validity of the theoretical analysis.
2) Interference From Center Located Jammer: According to (15) , the interference in the slave image is rearranged as
The average value of conjugate multiplication for jamming outputs can be written as
Then, the correlation of the pixel pair with interference becomes Clearly, the interference in the two SAR images can be completely co-registered. Therefore, we have γ J ≈ 1. The correlation of the jammed pixel pair approaches to the following results under different conditions. a) When J S R T 2 P , the correlation of the jammed SAR images is mainly determined by that of the corresponding pixel pair. Thus, we have γ 2 ≈ γ 0 . b) When J S R ≈ T 2 P , according to (32), we have γ 2 = γ 0 exp { j ϕ} + γ J exp j ϕ J /2. The correlation of the jammed pixel pair is determined by γ 0 , γ J , ϕ and ϕ J , simultaneously. Consider the difference between ϕ and ϕ J , we have γ 2 ≤ γ 0 . c) When J S R T 2 P , the correlation is approximated as γ 2 ≈ γ J . Thus, the interference with large input JSR will increase the correlation of the corresponding pixel pairs and reduce the co-registration errors. Fig.3 shows the jamming effect on correlation due to the center located jammer, with corresponding parameters listed in Table I . Clearly, as the input JSR is less than 50dB, the correlation for those discrete points is approximately equal to that without jamming. When the input JSR is between 50dB and 80dB, the correlation value, due to the difference between ϕ and ϕ J , is smaller than that of the unjammed ones. As the input JSR is larger than 80dB, the great input JSR improves the correlation of the corresponding pixel pairs. When the input JSR is large enough, the correlation is approximated as 1. To demonstrate the validity of the analysis results, the theoretical curves derived using (32) is shown in Fig.3 by the solid curve. As can be seen, the theoretical results for the center-located jammer match the simulated ones very well.
By comparing Fig. 2 and Fig. 3 , we can conclude that the jammer position has a clear effect on the correlation value between the corresponding pixel pairs. With further increase of the input JSR, the center located jammer increases the correlation value, while the non-center located one has an opposite effect. It has again demonstrated the effectiveness of our analysis. 
B. Interferometric Phase Caused by Interference
Interferometric phase is the basis of elevation measurement and directly affects the accuracy of DEM [21] , [22] . If two SLC images are accurately co-registered, the phase difference with the interference can be obtained through conjugate multiplication of two co-registered SAR images.
1) Interference From Non-Center Located Jammer:
Since the interference generates phase noise in the interferogram, different input JSR will introduce different phase errors. The interferometric phases under different conditions are considered as follows. a) When J S R G 2 , the interferometric phase ϕ 1 of the corresponding pixel pair is mainly determined by the original interferometric phase ϕ. Thus, we have ϕ 1 ≈ ϕ b) When J S R ≈ G 2 , the interferometric phase of the jammed pixel pair is determined by the SAR signal and interference simultaneously. Therefore, the resultant phase contains complicated phase noise. c) When J S R G 2 , the interferometric phase of the jammed pixel pair due to the non-center jammer is obtained by comparing the phase of (11) and (25), given by
Note that the first term n, due to a (·), represents the random noise. The last two terms are caused by the incomplete compression along azimuth. As can be seen, some amount of phase noise is produced when the input JSR is large enough.
Using the parameters listed in Table I , the interferometric phase of the jammed pixel pair is shown in Fig. 4 . Clearly, when the input JSR is less than 50 dB, the interferometric phase of the jammed pixel pair is approximately equal to that of the unjammed ones. This corresponds to the above analysis in the case of a). When the input JSR is further increased, large phase noises are introduced. It corresponds to the result in (33). Clearly, the variation of the interferometric phase is in accordance with the theoretical analysis.
2) Interference From Center Located Jammer: The interferometric phase due to the center-located jammer approaches to the following results under different conditions. a) When J S R T 2 P and J S R ≈ T 2 P , the interferometric phase is similar to those caused by the non-centered jammer.
b) When J S R T 2 P , the phase noise caused by a (·) is completely cancelled through conjugate multiplication. According to (14) and (15) and reference [23] , we obtain the interferometric phase of the jammed pixel pair as
Therefore, the phase noise of the jammed pixel pair approaches a constant when the input JSR is large enough. We calculated the interferometric phase of the jammed pixel pair due to a center located jammer, and the results are shown in Fig. 5 . When the input JSR is less than 60dB, the interferometric phase is approximately equal to the unjammed one. This is the case of J S R T 2 P . When the input JSR is between 60 dB and 90 dB, large phase errors are induced. The interferometric phase is determined by the SAR signal and interference simultaneously. It is consistent with the special case of J S R ≈ T 2 P . When the input JSR is larger than 90 dB, the interferometric phase can be considered as a constant, which corresponds to (34).
From Figs. 4 and 5, we see that both the jammer position and input JSR affect the interferometric phase of the jammed pixel pair. When the input JSR is large enough, the interferometric phase due to the center located jammer approaches a constant, while the one due to the non-center located jammer is shown as varying phase noise.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, simulation results are provided based on the TerraSAR system to show the jamming effects. Radio frequency interference is used in our simulation. 
A. Jamming Effect on Imaging
To show the effect of interference on SAR images, we consider a flat terrain with an area of 640 m×2050 m in ground range and azimuth directions, respectively. Parameters for the system and the scene are listed in Tables I and II, respectively. Without loss of generality, only slave images are provided in this section.
For comparison purposes, the original SAR image without interference is shown in Fig. 6 . Since real echo signals and the interference are received by the antennas simultaneously, simulation of the SAR echo signals with interference is first performed. JSR is set to be 80dB and the positions for the non-center located jammer and the center located jammer are respectively (500, 0, 0) and (0, 0, 0). The slave images for different jammer positions are shown in Fig. 7 . Clearly, the interferences in the two slave images are compressed to some extent along azimuth. In the range direction, the defocused interferences are caused by the low correlation value between baseband signal of the interference and range matched filtering, which are given in equations (12) and (15) .
B. Jamming Effect on Correlation
As shown in the first sub-section, the slave images for different jammer positions are similar with each other. However, they have different correlations with the corresponding master images. To analyze the jamming effect on correlation, the correlation map for a pixel array of 256×256 is obtained. The correlation map before jamming is shown in Fig. 8 . It can be observed that the correlation values without jamming are larger than 0.9 and the maximum value approaches to 0.9991.
When the jammer is not located at the center of the scene, the correlation of the jammed image pair is significantly reduced. When the input jamming to signal ratios are 80dB and 100dB, the correlation maps of the jammed image pair are shown in Fig. 9 (a) and (b) , respectively. Clearly, the larger input JSR results in lower correlation of the corresponding pixel pairs. When the jammer is located at the center of the scene, the correlation maps with the input JSR of 80dB and 100dB are depicted in Fig. 10 (a) and (b) . According to (32), the correlation is determined by both the original interferometric phase ϕ and the phase difference ϕ J due to jamming. Moreover, ϕ J approaches to a constant [see (34)] and ϕ is uniformly varied for a flat terrain. Therefore, the correlations of the jammed pixel pairs are shown as varied fringes, which are depicted in Fig. 10(a) . In Fig. 10(b) , the correlations of the corresponding pixel pairs will be larger, when the larger input JSR is further increased. Correlation due to the non-center located jammer as the input JSR is 80dB (a) and 100dB (b).
The maximum value approaches to 1, which is larger than those without jamming. Comparing Fig. 9 with Fig. 10 , we see that the center located jammer increases the correlation value clearly, while the non-center located one has an opposite effect. As can be seen, the interferences from jammers of different positions cause different jamming effects on correlation. The simulation in this part again demonstrates the effectiveness of the analysis in Section III-A.
C. Jamming Effect on Interferometric Phase
To obtain the interferometric phase with interference, the following operations are performed: co-registration and interferometry. Through co-registration and comparing both complex images, the interferometric phases are obtained. For comparison purposes, the original interferometric phase without jamming is shown in Fig. 11(a) . The interferometric phase with the phase noises due to the non-center located jammer are presented in Fig. 11(b) , while those for the center located jammer are shown in Fig. 11(c) . Obviously, the phase noise due to the non-center located jammer changes for different pixel pairs. In Fig. 11(c) , the color, representing the phase noise, approaches to red. It means that the values of phase noise in the interferogram are essentially the same with each other, which is corresponding to (31). By comparing Fig. 11 (b) and (c), we see that the interfering effects due to the non-center located jammer are more significant than those caused by the center located one. The phase noises in Fig. 11 (b) are varying, while those in Fig. 11 (c) approach a constant. These results correspond to the analysis in Section III-B.
V. CONCLUSION
In this paper, the effect of interference on the performance of InSAR systems has been analyzed in detail. To study the impact of interference on interferometry, the imaging result of interference is firstly derived. Then, the interfering effects on correlation and interferometric phase are discussed according to different jammer positions. Based on those analyses and supported by simulation results, we can reach the following conclusions:
1) The interference after imaging can be partly compressed along azimuth to some extent and the effect of compression depends on location of the jammer. 2) For the non-center located jammer, an increasing JSR will reduce the correlation of two SAR images and results in more phase errors. 3) For the center located jammer, the correlation of the jammed SAR images is reduced when the power of interference is approximately equal to that of the SAR images. However, a further increase of JSR will have an opposite effect. 4) When the JSR is large enough, the interferometric phase of the corresponding pixel pair approaches a constant with the center located jammer. All these analyses in our current work are focused on the single-pass InSAR and effective method for mitigating the effect of interference is not investigated. For topics of future research, the impact of interference on dual-pass InSAR will be studied. Displaced Phase Center Antenna (DPCA) can be used to improve the signal to interference ratio of SAR images, while the Differential Interferometric SAR (D-InSAR) technology will be investigated to improve the quality of interferometric phase.
